The impact of feeding flax as seed, meal, or oil to late-pregnant and lactating sows on hormone concentrations, immune responses, and sow and litter performances was studied. Sixty sows were fed 1 of 4 diets from 68 d of gestation until 21 d of lactation. Diets were standard (CTL; n = 15); 10% flaxseed supplementation (FS; n = 16); 6.5% flaxseed meal supplementation (FSM; n = 14); and 3.5% flaxseed oil supplementation (FSO, n = 15). On d 88 and 101 of gestation, sows were immunized against ovalbumin (OVA). Jugular blood samples were obtained on d 62, 88, and 110 of gestation and on d 2 and 21 of lactation to measure concentrations of estradiol, prolactin, and progesterone as well as antibody (Ab) against OVA (anti-OVA), lymphocyte proliferation, and lymphocyte production of interferon-γ (IFN-γ). Milk samples were obtained on d 3 and 20 of lactation. One piglet per litter was slaughtered on d 1 for compositional analyses, and a jugular blood sample was obtained for anti-OVA analyses. Remaining piglets were weighed on d 2, 7, 14, 21 (weaning), 28, and 56. Circulating hormone concentrations in sows were not affected by treatment overall (P > 0.1). On d 20 of lactation, milk from FS, FSM, and FSO sows had more protein than that from CTL sows (P < 0.01). The FSM piglets weighed more on d 56 (P < 0.05) than FS and FSO piglets. Carcasses of 1-d-old FSM piglets also had greater glycogen (P < 0.001) and DM (P = 0.05) contents than FS and FSO piglets, but organ weights and circulating concentrations of glucose and IGF-I did not differ (P > 0.1). In CTL sows, IFN-γ production decreased between d 101 of gestation and d 2 of lactation, whereas, in FS sows, IFN-γ production increased (P < 0.01). Anti-OVA for the whole experimental period was greater in FS than in FSO sows (P < 0.05). Concentrations of anti-OVA in milk on d 3 of lactation and lymphocyte proliferative responses were not affected by treatments (P > 0.1). Serum concentrations of anti-OVA in 2-d-old piglets that gained BW during the first 24 h after birth were greater (P < 0.01) in FS, FSM, and FSO litters than in CTL litters and percent mortality on d 2 and 21 postpartum was less (P < 0.05) for FS, FSM, and FSO litters compared with CTL. Therefore, feeding flax to sows may have beneficial effects on immune resistance of piglets and feeding FSM improved postweaning growth of piglets.
ABSTRACT:
The impact of feeding flax as seed, meal, or oil to late-pregnant and lactating sows on hormone concentrations, immune responses, and sow and litter performances was studied. Sixty sows were fed 1 of 4 diets from 68 d of gestation until 21 d of lactation. Diets were standard (CTL; n = 15); 10% flaxseed supplementation (FS; n = 16); 6.5% flaxseed meal supplementation (FSM; n = 14); and 3.5% flaxseed oil supplementation (FSO, n = 15). On d 88 and 101 of gestation, sows were immunized against ovalbumin (OVA). Jugular blood samples were obtained on d 62, 88, and 110 of gestation and on d 2 and 21 of lactation to measure concentrations of estradiol, prolactin, and progesterone as well as antibody (Ab) against OVA (anti-OVA), lymphocyte proliferation, and lymphocyte production of interferon-γ (IFN-γ). Milk samples were obtained on d 3 and 20 of lactation. One piglet per litter was slaughtered on d 1 for compositional analyses, and a jugular blood sample was obtained for anti-OVA analyses. Remaining piglets were weighed on d 2, 7, 14, 21 (weaning), 28, and 56. Circulating hormone concentrations in sows were not affected by treatment overall (P > 0.1). On d 20 of lactation, milk from FS, FSM, and FSO sows had more protein than that from CTL sows (P < 0.01). The FSM piglets weighed more on d 56 (P < 0.05) than FS and FSO piglets. Carcasses of 1-d-old FSM piglets also had greater glycogen (P < 0.001) and DM (P = 0.05) contents than FS and FSO piglets, but organ weights and circulating concentrations of glucose and IGF-I did not differ (P > 0.1). In CTL sows, IFN-γ production decreased between d 101 of gestation and d 2 of lactation, whereas, in FS sows, IFN-γ production increased (P < 0.01). Anti-OVA for the whole experimental period was greater in FS than in FSO sows (P < 0.05). Concentrations of anti-OVA in milk on d 3 of lactation and lymphocyte proliferative responses were not affected by treatments (P > 0.1). Serum concentrations of anti-OVA in 2-d-old piglets that gained BW during the first 24 h after birth were greater (P < 0.01) in FS, FSM, and FSO litters than in CTL litters and percent mortality on d 2 and 21 postpartum was less (P
INTRODUCTION
Long-chain n-3 FA, and most specifically docosahexaenoic acid (DHA), are essential for the development of neonates. Recent reviews (Uauy and Dangour, 2006; Innis, 2007) demonstrated their critical roles for the development of the visual and neural systems in infants. Furthermore, Kurlak and Stephenson (1999) showed that dietary supplementation with long-chain PUFA can improve neural development in infants. This is also of interest in swine, and studies showed beneficial effects of feeding marine oils to gestating and lactating sows on growth and survival of their offspring (Rooke et al., 2001a,b ; review by Kim et al., 2007) . Incorporation of n-3 PUFA (as fish oil or DHA) in the diet of gestat-ing and lactating sows also increased muscle glycogen content in weanling pigs (Gabler et al., 2007) . Flax is an excellent source of α-linolenic acid (C18:3 n-3) and could be used to provide dietary n-3 PUFA. Indeed, supplementation of sow diets with flax as seed or oil increased n-3 PUFA concentrations in the circulation and milk of sows and in their piglets (Farmer and Petit, 2009) . Flax provided as seed or meal is a rich source of lignans (Thompson et al., 1991) and could have beneficial effects via estrogenic-like properties. There are also indications that flax could have an impact on immune development and growth (Zhan et al., 2009 ), which could be of particular interest for piglets because they are most vulnerable to infections. Furthermore, the potential effects of long-chain PUFA on immune development are thought to be greatest in early life when the immune system is still immature (Prescott and Dunstan, 2007) . The current paper describes the effects of feeding flax as seed, meal, or oil to late-pregnant and lactating sows on concentrations of hormones in sows, immune responses in sows and piglets, newborn piglet characteristics, and litter performances.
MATERIALS AND METHODS
Animals were cared for according to a recommended code of practice (Agriculture and Agri-Food Canada, 1993) .
Sows and Treatments
Sixty second-and third-parity sows (Yorkshire × Landrace) were bred with semen from a pool of Landrace boars. On d 63 of gestation, they were equally divided into 4 dietary treatments until the end of lactation (d 21 postpartum). The nutritional regimens consisted of 1) standard diet (CTL, n = 15), 2) 10% flaxseed supplementation (FS, n = 16), 3) flaxseed meal supplementation equivalent to regimen 2 on an oil basis (FSM, n = 14), and 4) flaxseed oil supplementation equivalent to regimen 2 on an oil basis (FSO, n = 15). Sow feed intake during the gestational treatment was restricted and adjusted so that daily ME and protein intakes were similar among groups, whereas sows were fed ad libitum during lactation. From d 63 to 100 of gestation, sows in the CTL, FS, FSM, and FSO groups received 2.5, 2.4, 2.5, and 2.4 kg of feed in 1 daily meal (at 0800 h), respectively, whereas from d 101 until farrowing, they were fed 3.5, 3.4, 3.5, and 3.4 kg/d of feed, respectively. The dietary treatments were incorporated in increasing amounts (25, 50, 50, 75, and 75%) to the standard gestation diet over 5 d to reach 100% incorporation on d 68. All experimental diets were formulated to be isonitrogenous and isocaloric to the CTL diet and formulations are shown in Tables 1 and 2 . Representative feed samples from experimental diets were taken regularly throughout the project for compositional analyses (shown in Tables 1 and 2 ). Throughout lactation, fresh feed was given at 0800 and 1500 h, and feed refusals were weighed daily to calculate daily feed consumption. Sows received 1 kg of feed on d 1(farrowing), 3 kg on d 2, and 5 kg on d 3 and were fed ad libitum as of d 4. Sows were housed in individual stalls (0.6 × 2.1 m) during gestation and were transferred to farrowing crates on d 110 of gestation. Farrowings occurred from February to June 2005, and there were approximately the same number of sows from each treatment on each month of the experiment. Number of days to postweaning estrus was recorded.
Blood and Milk Sampling
Jugular blood samples were obtained from all sows at 1000 h on d 55, 62 (before the onset of adaptation to dietary treatments), 101 and 110 of gestation as well as on d 2 and 21 of lactation. Blood samples (10 mL) were collected in vacutainer tubes without anticoagulant. Concentrations of estradiol and prolactin were measured in all samples, except at 55 and 101 d of gestation. Concentrations of progesterone were determined at 62 and 110 d of gestation. On d 88 and 101 of gestation (after jugular blood sampling for d 101), sows were injected with 0.5 mg of ovalbumin subcutaneously (OVA; Sigma, Oakville, Ontario, Canada), diluted in 0.5 mL of PBS, and emulsified with 0.5 mL of incomplete Freund's adjuvant (Gibco BRL, Toronto, Ontario, Canada). The antibody response against OVA was measured in all blood samples, except on d 62 of gestation. Representative milk samples were obtained from sows on d 3 and 20 of lactation by collecting milk from 3 functional glands (anterior, middle, and posterior) encompassing both sides of the udder after an intravenous injection of 1.0 mL of oxytocin (20 IU/ mL; P.V.U. Victoriaville, Québec, Canada) was given. Pigs were separated from their dam for 45 min before oxytocin was injected. Dry matter content as well as concentrations of fat, protein, lactose, and antibody titer against OVA were determined in milk.
Piglet Handling
Piglets were weighed within 24 h of farrowing (d 1) and litter size recorded. One male piglet per litter (average BW of 1.12, 1.09, 1.07, and 1.18 kg for CTL, FS, FSM, and FSO, respectively) was slaughtered on the day after parturition to determine liver glycogen content as well as total glycogen and total lipids in the carcass. These piglets were stunned (by a blow to the head), exsanguinated, and their livers were promptly removed, weighed, cut into 1.0 × 1.0 cm sections, which were rapidly frozen in liquid nitrogen and stored at −20°C. Weights of the heart and brain were also noted. The head, tail, hooves, and remaining viscera were removed from the carcasses, which were frozen at −20°C until further analyses. A blood sample was collected from the vena cava to measure circulating concentrations of glucose, IGF-I, and antibody titer against OVA. Litters were then standardized (within dietary treatment group) to 10 ± 1 piglets, and piglets were weighed after this standardization (d 2) and again on d 7, 14, 21 (weaning), 28, and 56. No creep feed was provided before weaning, and piglets were fasted for 16 h before being weighed on d 28 and 56. Incidence and probable causes of piglet mortality were recorded. At weaning, 1 male piglet (of average litter weight) was removed from all litters so that those from CTL and FS treatments could be used for immunity measures. Litter size was therefore reduced to 9 ± 1 piglets. After weaning, piglets were fed ad libitum a 21% CP diet for 2 to 3 d, followed by a 20% CP diet for 8 to 10 d, and then received an 18% CP diet until the end of the experiment on d 56. 
Blood Sampling for Peripheral Blood Mononuclear Cells Isolation
Blood samples (20 mL) taken on d 55 and 101 of gestation as well as on d 2 and 21 of lactation were used to determine cellular immune response in CTL and FS sows only. Blood was collected into a K 3 EDTA-vacuum tube (Becton Dickinson and Cie, Rutherford, NJ) for peripheral blood mononuclear cell (PBMC) isolation. At the same time, 1 blood sample (10 mL) was taken into a vacuum tube with no additive for preparation of heat-inactivated (56°C, 30 min) autologous serum (AS). The PBMC were isolated from whole blood by density gradient separation. Briefly, blood samples were layered on Ficoll-Hypaque Plus (Amersham Pharmacia, Montreal, Québec, Canada), and PBMC were collected at the interface after centrifugation (400 × g for 40 min at room temperature) and washed twice with Hank's balanced salt solution (HBSS) without Ca 2+ and Mg 2+ (Gibco BRL). Finally, PBMC were resuspended in RPMI-1640 medium (Gibco BRL) supplemented with 12 mM HEPES, 2 mM glutamine, 23 mM sodium bicarbonate, 28 uM 2-mercapto-ethanol, and 1% antibiotic-antimycotic solution (Gibco BRL). The number of viable cells was determined by trypan blue exclusion using a hemocytometer and was always greater than 95%.
Proliferation of PBMC
The PBMC were diluted at 2.5 × 10 6 cells/mL and plated in triplicate into 96-well flat-bottom microtiter plates (Becton Dickinson) at a volume of 50 µL with 100 µL of RPMI 1640 supplemented with 5% AS or 5% fetal bovine serum (FBS, Gibco BRL). Concanavalin A (ConA), a polyclonal T-lymphocyte mitogen, was added to achieve a final concentration of 0, 0.125, 0.5, and 1 µg/mL in culture supplemented with AS and of 0, 0.06, 0.125, and 0.5 µg/mL in culture supplemented with FBS. Plates were incubated at 37°C in 5% CO 2 air for 72 h. A 5-bromo-2-deoxyuridine (BrdU) solution was added to the cells (50 µL/well of 1:250 in RPMI 1640), which were reincubated for another 16 h. The quantification of cell proliferation was based on the measurement of BrdU incorporation during DNA synthesis (BrdU kit, Roche Diagnostic, Laval, Québec, Canada). Anti-BrdU conjugate with peroxidase was used for the colorimetric detection of cell proliferation. Absorbance value read on a Spectra Max 250 ELISA reader (Molecular Devices, Sunnyvale, CA) at 370 nm (reference wavelength: 492 nm) directly correlated with the proliferation response of PBMC. Therefore, the developed color and absorbance values directly correlated to the amount of DNA synthesis. The proliferation of cells was calculated as the difference between the absorbance value of stimulated cells and the absorbance value of nonstimulated cells.
Production of Porcine Interferon-γ
For analysis of porcine interferon-γ (IFN-γ) in supernatants, PBMC were adjusted at 1 × 10 7 cells/mL and were cultured in RPMI 1640 supplemented with ConA (5 µg/mL) and 5% AS or FBS in 24-well microplates. After 48 h of incubation at 37°C in a humidified 5% CO 2 air chamber, supernatants were harvested (after centrifugation at 400 × g for 5 min at room temperature) and were kept at −80°C until assayed for IFN-γ production using the Cytoset ELISA kit for swine IFN-γ (Biosource, Camarillo, CA) as described previously (Lessard et al., 2005) .
Ovalbumin Antibody Detection
Serum was separated from coagulated blood by centrifugation (850 × g for 15 min at 4°C) and stored frozen (−20°C) until time of assay. Antibodies to OVA were measured by indirect ELISA and quantified by optical density measurements as described previously (Lessard et al., 2005) . Absorbance values were used to calculate antibody titers for each sample using serial dilutions of the positive control as reference for each plate. The 1/1,000 dilution of the positive control having an arbitrary value of 1,000, each subsequent dilution was calculated by doing 2-fold dilutions using 1,000 as the first value. Linear regression was used to establish the relationship between the calculated values and the positive control serial dilutions to determine sample titers. All samples and controls were tested in duplicate. The diluted positive control serum was used to standardize the interassay variation.
Assays
Blood samples collected for prolactin, estradiol, progesterone, and antibody titer assays were left at room temperature for 4 h, stored overnight at 4°C, centrifuged the following day (2,000 × g for 12 min at 4°C), and serum was harvested. Samples for IGF-I measurements were collected in EDTA-tubes, those for glucose analyses in tubes containing 10.0 mg of potassium oxalate and 12.5 mg of sodium fluoride to inhibit glycolysis, and those for determination of antibody titers against OVA were collected in heparinized tubes. All samples were placed on ice and centrifuged (2,000 × g for 12 min at 4°C) within 20 min. Plasma was immediately recovered. Serum and plasma samples were frozen at −20°C until they were assayed. Concentrations of IGF-I (Abribat et al., 1993) and PRL (Robert et al., 1989) were determined with described previously RIA. The IGF-I was extracted using the formic acidacetone method. The first antibody in the IGF-I assay and the radioinert prolactin were purchased from A. F. Parlow (US National Hormone and Pituitary Program, National Institute of Diabetes and Digestive and Kidney Diseases, Torrance, CA). The radioinert IGF-I was Dietary flax fed to pregnant and lactating sows purchased from GROPEP (Adelaide, SA, Australia), and the first antibody to prolactin was purchased from Research Products International (Mt. Prospect, IL). Parallelism of a plasma (for IGF-I) or serum (for PRL) pool from sows was demonstrated (data not shown). Average recovery, calculated by addition of various doses of radioinert hormone to 50 µL of a pooled sample, were 97.5% for IGF-I and 108.0% for PRL. Sensitivities of the IGF-I and PRL assays were 62.5 pg/mL and 1.5 ng/mL, respectively. Six samples of a representative pool of plasma (for IGF-I) or serum (for PRL) were carried in duplicates in all assays to calculate CV. The intraassay CV were calculated from the mean values of the pools within each assay: values were 4.9 and 6.4% for IGF-I and PRL, respectively. The interassay CV for prolactin, which was calculated from the mean values of the pools obtained for each assay, was 6.1%. All samples were assayed in 1 assay for IGF-I. Estradiol was measured using a commercial kit (Comp. Diagnostic Systems Lab. Inc., Webster, TX), which was validated for sow serum. Intra-and interassay CV were 7.0 and 9.0%, respectively. Progesterone was also measured with commercial kits (Progesterone CT, ICN Pharmaceuticals Inc., Costa Mesa, CA). Intra-and interassay CV were 4.5 and 0.6%, respectively. Glucose was measured by an enzymatic colorimetric method with a commercial kit (Boehringer Mannheim, Laval, Québec, Canada). Intra-and interassay CV were 1.5 and 0.4%, respectively.
Chemical Analyses
Piglet carcasses were ground 3 times in a meat grinder through a plate with 5 mm-diameter holes. They were put in a blender (15 A) until homogenous in texture and were stored at −20°C. Dry matter content was determined according to an established forced-air oven drying procedure (method 990.19; AOAC, 1998) . Representative carcass samples were freeze-dried and subsequently pulverized in a centrifugal grinding mill (Brinkmann ZM-1; Brinkmann Instruments, Rexdale, Canada). Fat was extracted twice with dichloromethane using the Soxtex System (Tecator 1043 Extraction Unit, Tecator, Herudan, VA). Crude fat was determined by weighing the extracted residue. Frozen carcass, liver, and brain samples were pulverized in a grinder (Brinkmann, Retsh, Germany) using a plate with 1-mm-diameter holes and liquid nitrogen to keep the samples frozen throughout the process. One gram of the carcass and liver preparations was used to determine glycogen content enzymatically as described by Fernandez et al. (1991) , but for liver samples, it was homogenized in 20 mL of 0.55 M perchloric acid to then undergo a 1:4 (vol/vol) dilution in 0.55 M perchloric acid.
Statistical Analyses
The MIXED procedure (SAS Inst. Inc., Cary, NC) was used for statistical analyses. The 1-way factorial design used for carcass composition and endocrine variables of neonatal piglets included the effect of nutritional treatment with the residual error being the error term used to test main effects of treatment. Repeated measures ANOVA with the factors treatment (the error term being sow within treatment) and day (the residual error being the error term) as well as the treatment × day of age interaction were carried out on sow feed intake, sow hormonal data, milk composition, and piglet BW. Separate ANOVA for each day were also carried out on these variables. Orthogonal contrasts set a priori were used to compare nutritional regimens in the following manner: CTL vs. all flax-based diets (FS, FSM, and FSO), FSM (no oil) vs. FS and FSO (oil), and FS (oil and lignans) vs. FSO (oil). Data were corrected with a logarithmic transformation (using natural logarithms) when variances were not homogeneous (i.e., prolactin and progesterone concentrations), and in those cases, means presented in tables are back-transformed values. Statistical analyses on percent mortality of piglets per litter and immune responses were done using GLIM-MIX of SAS with a β distribution and the LOGIT link function in the first instance, and a gamma distribution and the logarithmic link function in the latter. Data on transfer of anti-OVA in piglets were analyzed using piglet BW difference in the first 2 d postpartum as a covariate, a ratio of 0.9 indicating BW loss, 1.0 indicating no change in BW and 1.1 indicating BW gain. Data in the text, tables, and figures are presented as least squares means ± maximal SEM, unless indicated otherwise.
RESULTS

Sow Performance and Hormonal Data
Sow feed intake during any of the 3 wk of lactation was not affected by treatment (P > 0.1, data not shown) and increased as lactation advanced (week effect, P < 0.001), with mean values of 3.9, 6.1, and 7.0 ± 0.3 kg/d for wk 1, 2, and 3 of lactation, respectively. The weaning-to-estrus interval did not differ for sows across treatments (P > 0.1) and averaged 5.1 ± 0.8 d. Milk composition data are shown in Table 3 . Repeated measures analyses showed no global effect of treatment on any of the measured milk components (P > 0.1); however, milk protein content was affected by treatment on d 20 of lactation (P = 0.01) with sows receiving flax as FS, FSM, or FSO having more milk protein than CTL sows (P < 0.01). There were also tendencies for milk DM content to be decreased in FSM compared with FS and FSO sows on d 20 of lactation (P < 0.1) and for milk fat to be greater in FSO than FS sows on d 3 of lactation (P < 0.1). There was no treatment effect on circulating prolactin, estradiol, or progesterone concentrations in sows at any of the days measured (P > 0.1, Table 4), with the exception of estradiol concentrations being less in sows fed flax (FS, FSM, and FSO) compared with CTL sows on d 21 of lactation (P Farmer et al. = 0.05, Table 4 ). Concentrations of prolactin peaked on d 2 of lactation, estradiol on d 110 of gestation, and progesterone concentrations decreased in late gestation (day effect, P < 0.001).
Newborn Piglet Data and Litter Performance
Birth weights of all live born piglets were 1.34, 1.32, 1.43, and 1.40 ± 0.05 kg for CTL, FS, FSM, and FSO litters, respectively, and were similar among treatments (P > 0.1). Total numbers of live born piglets were 14.5 ± 1.6 (mean ± SD), 13.6 ± 2.0, 12.7 ± 2.8, and 13.5 ± 2.9 for CTL, FS, FSM, and FSO litters, respectively; and total numbers of stillborns were 1.7 ± 1.8, 1.3 ± 1.5, 0.3 ± 0.6, and 1.5 ± 1.2 for CTL, FS, FSM, and FSO, respectively. Growth rate and mortality of piglets are shown in Table 5 . Percent neonatal mortality on 2 or 21 d postpartum was less for FS, FSM, and FSO litters compared with CTL litters (P < 0.05). The repeated measures analyses showed no treatment ef- Dietary flax fed to pregnant and lactating sows fect on BW of piglets from 2 to 56 d of age (P > 0.1); however, separate weekly analyses showed that FSM piglets tended to have greater BW on d 28 (P < 0.1) and had significantly greater BW on d 56 (P < 0.05) than FS and FSO piglets. Carcass composition, organ weights, and endocrine data for piglets slaughtered at 24 h postpartum are shown in Table 6 . There was a treatment effect on carcass glycogen (P < 0.001) with piglets from FSM litters having more glycogen than piglets from FS and FSO litters (P < 0.001). Piglets from FSM litters also had more carcass DM (P = 0.05). Organ weights and circulating concentrations of glucose and IGF-I in 1-d-old piglets were similar among treatments (P > 0.1).
Immunology Data
The antibody response to OVA (anti-OVA) in sows is presented in Table 7 . There was no difference between CTL sows and sows fed any of the flax-based diets on any of the measured days (P > 0.1), but the mean concentration of IgG anti-OVA during all days was greater in FS than in FSO sows (P < 0.05). The concentration of IgG anti-OVA in milk collected 3 d after parturition was not affected by dietary treatments (P > 0.1); however, the transfer of IgG anti-OVA to piglets was affected by dietary treatments when data were analyzed using BW gain of piglets between birth and slaughter (i.e., over approximately the first 24 h postpartum) as Significant overall treatment effect for carcass glycogen (P = 0.001).
3 Maximum value of the SEM. Farmer et al. a covariate. This covariate was used to correct for any differences in BW gain (i.e., colostrum intake) that could have occurred among piglets used for anti-OVA measures. Results showed that 1 d postpartum, the concentration of IgG anti-OVA was greater (P = 0.002) in serum of FS, FSM, and FSO piglets compared with that of CTL piglets, when piglets gained BW over that first day (Table 8) . However, the opposite was observed when piglets lost BW, such that IgG concentration was decreased in piglets from flax-fed compared with CTL sows (P = 0.004). Anti-OVA was also greater in piglets nursed by FSO sows compared with piglets nursed by FS sows when piglets lost or did not alter their BW during the 24-h postpartum period (P = 0.04 and 0.02, respectively).
The proliferative lymphocyte response to ConA was not affected by flaxseed diets throughout the whole experimental period (P > 0.1), but there was a quadratic time effect (Table 9) indicating that it increased around parturition and decreased thereafter when the PBMC were incubated with FBS (P < 0.05) or AS (P < 0.01). There was a treatment × day interaction (P < 0.01) on in vitro production of IFN-γ when the cells were incubated with AS ( Figure 1) . In CTL sows, in vitro production of IFN-γ decreased between d 101 of gestation and d 2 of lactation, whereas in FS sows, the production increased during the same period. No effects were observed when the cells were cultured in the presence of FBS.
DISCUSSION
Feeding flax to late-pregnant and lactating sows had no effect on birth weight of piglets, but piglets from sows fed FSM were heavier in late lactation and postweaning than piglets from sows fed FS or FSO. To the best of our knowledge, this is the first report describing the effect of feeding flaxseed meal to sows on their offspring. Previous studies focused on the effect of feeding flax per se. Indeed, Baidoo et al. (2003a) reported increased piglet birth weights and weaning weights when 5% flax was provided in the diet of the sows throughout gestation and lactation. However, in agreement with the current findings, when Mateo et al. (2009) gave supplementary n-3 fatty acids to sows as of d 60 of gestation, an absence of an effect on piglet birth weight was observed, whereas BW of piglets was increased on d 10 and 21 of lactation. Fish oil is another rich source of PUFA, and improvements in growth rate of suckling piglets whose dams were fed fish oil in late gestation and lactation were also reported by Rooke et al. (2001a) and were attributed to alterations in fatty acid composition in piglets. Such changes were also present in FS and FSO animals from the current study, with the PUFA, n-3 fatty acid contents, and n-3/n-6 ratios being greater in the circulation and milk of sows and n-3 fatty acids and n-3/n-6 ratios being greater in carcasses and brains of their 1-d-old piglets when compared with CTL and FSM sows and their piglets (Farmer and Petit, 2009 ). Nonsignificant overall treatment effect (P > 0.1) on antibody response to OVA on any day and on anti-OVA transfer in milk.
Dietary flax fed to pregnant and lactating sows However, contrary to what was reported in previous experiments, piglet growth rate was only improved when sows were fed flax as meal but not as oil or seed. The greater carcass glycogen in piglets from FSM sows may be an important factor for the increased BW gain of these piglets on d 28 and 56. This agrees with findings of Gabler et al. (2007) who reported an increase in muscle glycogen and improved nutrient absorption in weanling pigs from sows fed n-3 PUFA in gestation and lactation. It was suggested by these authors that increased PUFA may have preserved glycogen concentrations in piglets during the particularly stressful period of weaning, and the increased nutrient absorption was related to increases in specific transporter systems. Takeuchi et al. (2001) also reported that dietary oil can accelerate liver glycogen synthesis when rats are subjected to water-immersion restraint stress; however, this was seen with olive oil, but not linseed oil. The mechanism by which carcass glycogen was increased with FSM in the present experiment therefore remains to be investigated.
There is a definite lack of information on the impact of feeding various fatty acids to sows on their immune system. However, there are some studies indicating that supplementation of sow diets with marine sources of n-3 PUFA increases concentrations of IgG in colostrum and milk (Mitre et al., 2005; Mateo et al., 2009 ) and improve the transfer of antibodies and leukocytes to piglets (Mitre et al., 2005) . More specifically, sows receiving sharkliver oil during gestation had greater concentrations of antibodies to Aujesky vaccine in their serum and colostrum compared with CTL sows; these antibodies were also increased in the circulation of their 2-d-old piglets (Mitre et al., 2005) . In the present study, although the antibody response to OVA was not affected in serum or milk of sows fed FS, FSM, or FSO compared with CTL sows, the concentration of serum antibodies to OVA in piglets which gained BW in the first 24 h postpartum was greater in litters from FS, FSM, and FSO sows than in litters from CTL sows, suggesting a link with colostrum intake. A possible explanation for this dietary effect is that n-3 PUFA may not only play a role in the regulation of immune functions (Donnet-Hughes et al., 2001; Calder, 2007) , but could also affect intestinal absorptive function in newborn piglets (Gabler et al., 2007 (Gabler et al., , 2009 ). Indeed, it was recently reported that long-chain n-3 PUFA supplementation of sow diets during gestation, rather than during lactation, increased intestinal glucose absorption in newly weaned piglets (Gabler et al., 2007 (Gabler et al., , 2009 ). These results suggest that it could be feasible to modulate small intestinal transport function in piglets via in utero manipulation of the sow diet. Yet, other components in flax could be involved because an increased antibody transfer was also observed in FSM piglets. Mechanisms regulating the absorption of colostral molecules by newborn piglets in the first few hours after birth are not well known, and further studies are required to elucidate the role of n-3 PUFA, other flax components, or a combination of PUFA and flax components on the sow antibody response and the transfer of these antibodies to piglets via colostrum intake. Present results on anti-OVA titers in sow serum and milk; however, contrast with those of Mitre et al. (2005) because we observed a significant reduction of antibodies against OVA in serum of FSO sows during lactation compared with FS sows. Furthermore, anti-OVA titers in milk on d 2 of lactation were not affected by dietary treatments. The reason for these discrepancies between our results and those of Mitre et al. (2005) is not known but is likely related to the source of PUFA used (i.e., shark-liver oil vs. flax). Therefore, it is apparent that flax does have an impact on immune response in sows and their piglets, and this may be a factor in the decreased mortality observed in litters from sows fed flax compared with litters from CTL sows. However, it is important to mention that mortality rates of neonatal piglets from CTL sows were somewhat high (25%), and it is not known if similar results would have been obtained if mortality rates had been less.
With regard to the influence of flaxseed on lymphocyte proliferation and production of IFN-γ in sows during the peripartal period, the fact that we observed no dietary effects corroborates results in humans where moderate dietary supplementation with linseed oil (providing 2 g of α-linolenic acid per day) did not affect lymphocyte proliferation, natural killer cell activity, or production of cytokines such as IL-1, TNF-α, and IFN-γ (Thies et al., 2001a,b) . However, there is some controversy about the effects of linseed oil as a source of n-3 fatty acids on the lymphocyte response to mitogens and the production of cytokines (Calder et al., 2002) because it was also reported that large doses of α-linolenic acid decreased lymphocyte proliferation (Kelley et al., 1991) and production of TNF-α (Caughey et al., 1996) . Therefore, these studies suggest that a moderate increase in α-linolenic acid intake does not affect immunity, but a marked supplementation of the diet can induce immunomodulatory effects.
Interestingly, in vitro production of IFN-γ in CTL sows was less 2 d postfarrowing compared with before parturition or 3 wk after parturition, whereas in FS sows IFN-γ production was not negatively affected during the early postpartal period. The serum of periparturient sows fed FS may contain factors that modulate the functional properties of immune competent cells differently than in CTL sows. Moreover, the sow lymphocyte proliferative response to ConA after parturition was not negatively affected by any of the diets when cells were cultured in presence of FBS or autologous serum. Therefore, sows seem to differ from cows in their lymphocyte response to mitogens and production 2 Nonsignificant overall treatment effect (P > 0.1) at any day on proliferation of lymphocytes cultured with FBS or AS. of IFN-γ in early lactation because in cows both these responses decrease on d 1 postpartum irrespective of the type of diet being fed (Kehrli et al., 1989; Lessard et al., 2004) . Rooke et al. (2001b) reported a reduced preweaning mortality in piglets from sows fed fish oil throughout gestation and lactation, and this was largely due to a decreased incidence of piglets being crushed by the sow. They suggested that an alteration in the fatty acid profile of the brain and retina of newborn piglets could have mediated this effect because it is known that long-chain PUFA are essential for proper development of the brain and retina (review by Uauy and Dangour, 2006) . Indeed, the importance of long-chain PUFA for visual, cognitive, behavioral, and central nervous system developments has received great interest in humans (review by Heird and Lapillonne, 2005) . It was also demonstrated that feeding long-chain PUFA to gestating and lactating bitches results in improved visual performance of their puppies (Bauer et al., 2006) . Furthermore, increasing n-3 PUFA in the diet of gestating and lactating sows affected behavioral development of their piglets (Gunnarsson et al., 2003) . However, supplementing the diet of gestating and lactating goats with flaxseed increased the attention/exploration of their kids at 11 d postpartum without affecting their learning ability (Duvaux-Ponter et al., 2008) . Results from the current study do not suggest that altered fatty acid composition of piglet tissues is related to behavioral changes that are important for neonatal survival because mortality rate was less in piglets from sows fed FS, FSM, and FSO diets and not only in piglets from sows fed FS and FSO.
The observation that feeding flax had no effect on sow lactational feed intake was expected, as reported by Rooke et al. (2001b) and Mateo et al. (2009) , and indicates that all diets were palatable. The lack of treatment effect on progesterone concentrations in sows differs from reports of Baidoo et al. (2003b) who observed an overall reduction in progesterone concentrations during gestation and lactation in sows fed 5 or 10% flaxseed. However, Baidoo et al. (2003b) obtained samples over the entire gestation period, whereas samples in the present experiment were only obtained in late gestation. This indicates that any effect of dietary flax on progesterone concentrations would likely be incurred before d 60 of gestation. The wean-to-estrus interval was also not affected by diet, as reported by Mateo et al. (2009) , which is supported by similar BW and backfat thicknesses of sows observed among treatments on d 21 of lactation in the present study (Farmer and Petit, 2009) . The increased protein content in milk of FS, FSM, and FSO sows on d 20 of lactation was surprising because this was not reported by Mateo et al. (2009) ; however, it was not related to increased growth rate of piglets. It should be noted that colostrum composition was not measured in the present study; therefore, it is not known whether changes in IgG concentrations, as reported in Mateo et al. (2009) in sows fed supplementary n-3 PUFA, occurred.
Present findings demonstrate that feeding flax to sows can have beneficial effects on litter performance and that specific effects can differ depending on whether it is fed as seed, meal, or oil. Feeding flax in any form to late-pregnant and lactating sows enhanced the immune response of piglets, which may explain increased survival rate of these piglets. Feeding FSM improved postweaning growth of piglets possibly due to increased carcass glycogen on d 1.
